Mutations of Ras with three extra amino acids inserted into the phosphate-binding (P) loop have been investigated both in vitro and in vivo. Such mutants have originally been detected as oncogenes both in the ras and the TC21 genes. Biochemical experiments reveal the molecular basis of their oncogenic potential: the mutants show a strongly attenuated binding anity for nucleotides, most notably for GDP, leading to a preference for GTP binding. Furthermore, both the intrinsic as well as the GAP-stimulated GTP hydrolysis are drastically diminished. The binding interaction with GAP is reduced, whereas binding to the Ras-binding domain of the downstream eector c-Raf1 is not altered appreciably. Microinjection into PC12 cells shows the mutants to be as potent to induce neurite outgrowth as conventional oncogenic Ras mutants. Unexpectedly, their ability to stimulate the MAP kinase pathway as measured by a reporter gene assay in RK13 cells is much higher than that of the normal oncogenic mutant G12V. This characteristic was attributed to an increased stimulation of c-Raf1 kinase activity by the insertional Ras mutants.
Introduction
Mutated members of the three ras gene family members (H-ras, K-ras A/B, N-ras) have been implicated in the development of both human (Bos, 1989) and animal tumors (Guerrero and Pellicer, 1987) . Their incidence in human tumors ranges from 95% in carcinomas of the exocrine pancreas (Almoguera et al., 1988) , 65% in colon carcinomas (Burmer and Loeb, 1989) , 46% in endometrial carcinomas (Enomoto et al., 1990) , to 16% in bladder carcinomas (Visvanathan et al., 1988) . The highly mutable sequences include codons 12, 13 and 59 ± 61 and are typically activated by point mutations.
The Ras proteins have been shown to play important roles in intracellular signal transduction, coupling diverse external growth or dierentiation signals to downstream eectors (Lowy and Willumsen, 1993; McCormick and Wittinghofer, 1996) . Point mutations of codon 12 that change glycine to any other amino acid but proline are transforming (Seeburg et al., 1984) , due to the reduced GTP hydrolysis rate and the inhibition of the physiological deactivation of Ras proteins by GAPs (Schweins et al., 1995; Schezek et al., 1997) . Site-directed mutagenesis studies have revealed that deletion and insertion mutations in the region of codon 12 also activate the ras gene (Chipper®eld et al., 1985) . Indeed, such insertional mutations were found in two of 18 chemically induced rat renal mesenchymal tumors, where the K-ras gene contained a 9-base pair tandem repeat of codons 10 ± 12 or a 12-base pair tandem repeat of codons 10 ± 13 (Higinbotham et al., 1994) . Both insertions were located in the P-loop of K-Ras (amino acids 10 ± 17). In addition, a similar codon reiteration was found in the ras-like gene TC21 in a human uterine leiomyosarcoma cell line. Here the codons 24 ± 26, which correspond to codons 13 ± 15 of the K-ras gene, were duplicated (Huang et al., 1995) .
The P-loop is a common GxxxxGKS/T motif found in almost all GTP-binding proteins and in many ATPutilizing enzymes (Walker et al., 1982; Saraste et al., 1990) . It is tightly wrapped around the b-phosphate group with the main chain NH protons directed towards and enclosing the negative charge. It is expected that the insertion of three amino acids into this structure interferes drastically with the normal function of P-loop proteins. The capability of these insertional mutations to transform NIH3T3 cells has been demonstrated and an increased ratio of GTP : GDP binding was shown for the TC21 mutant (Higinbotham et al., 1994; Huang et al., 1995) . However, the molecular basis of the transforming potential of Ras-like proteins with insertional mutations remains to be elucidated, except for a less drastic mutation of a single residue or a double mutation into the P-loop of Ras (Bollag et al., 1996; Chipper®eld et al., 1985) . So far, no quantitative data are available about the biochemical features of triple residue insertions and their interaction with regulators and eector proteins. Here we introduced these mutations into H-ras and determined the biochemical properties of the mutant proteins, their ability to interact with regulatory and eector proteins and their biological activity.
Results

Cloning, expression and purification of Ras Ins10 and Ras Ins13
Since the biochemistry and biology of Ras is better understood than that of TC21 and to be able to better compare the results between the mutants and wildtype we constructed both triple residue insertions in the background of H-Ras, as described in Material and methods. Ras Ins10 and Ras Ins13 carry a duplication of amino acids 10 ± 12 (GVG) and 13 ± 15 (GAG), respectively, as reported for K-Ras by Higinbotham et al. (1994) and for TC21 by Huang et al. (1995) , respectively. As shown below (with insertions in bold) the dierence between these two mutants is an alanine to valine substitution in the insert.
Ras wt
The engineered proteins were expressed and puri®ed as described under Material and methods. While Ras wt and Ras G12V are routinely puri®ed with a GTP content of 0% and 10 ± 20%, respectively (the rest being GDP), Ras Ins10 and Ras Ins13 were repeatedly puri®ed with a GTP content of 30% and 60%, respectively, as determined by analytical HPLC. This agrees with the observation of an increased in vivo GTP : GDP ratio for the insertional mutation of TC21 (Huang et al., 1995) . The mutants were less stable than wildtype Ras, with their melting temperatures reduced to 44 ± 458C, 10 degrees lower as compared to wildtype (T m =538C) and traditional oncogenic mutant Ras proteins with a point mutation in position G12 or Q61 (Franken et al., 1993) .
Nucleotide affinity
It has been shown before that nucleotide-free Ras protein is thermally unstable and that binding of nucleotide signi®cantly increases its stability (John et al., 1990; Zhang and Matthews, 1998) . Similarly it has been shown that Ras mutations with high dissociation rates and therefore low anities for guanine nucleotides such as Ras S17N and D119N are less stable than wildtype (Farnsworth and Feig, 1991; Schmidt et al., 1996) . The weak stability of the two mutant proteins could therefore indicate a weak nucleotide anity. Since this can only be determined from the ratio of association (k on ) and dissociation rate constants (k o ) and since nucleotide-free Ras Ins10 is more labile than Ras Ins13, we determined the nucleotide anity of mGDP and mGppNHp to Ras Ins13 only. We used the isomeric mixture of 2'-or 3'-¯uores-cence-labeled mant-nucleotides (mGDP, mGppNHp) to monitor the association of excess nucleotide onto the nucleotide-free Ras protein in a stopped¯ow apparatus (Feuerstein et al., 1987; John et al., 1990 John et al., , 1993 Neal et al., 1990; Schmidt et al., 1996) . In contrast to wildtype Ras, the binding of the mantnucleotide to Ras Ins13 shows a biphasic association behavior even under pseudo-®rst order conditions, with an initial fast¯uorescence increase followed by a very slow step (Figure 1a) . The rate constant of the ®rst step (k') exhibits a linear dependency on the concentration of nucleotide, whereas the second (k'') appears to be independent of nucleotide concentration (Figure 1b) . Therefore the fast¯uorescence increase correlates with nucleotide binding, whereas the second may represent either a slow conformational change, the 3'72' isomerisation reaction (t 1/2 * 20 min), or a renaturation step. By plotting the observed rate constants k' of the ®rst step versus the nucleotide concentration (and neglecting the slow step) the association rate constant was obtained from the slope (Figure 2 ). The rate constants for the dissociation were determined directly by displacement of bound mGDP or mGppNHp with non-labeled GDP or GppNHp, respectively, in the stopped¯ow apparatus. The obtained dissociation rates are close to the axis intercept from the association experiment, supporting our approach to interpret only the fast step for nucleotide binding. The lower nucleotide anity of Ras Ins13 is due to both a decreased association plus an increased dissociation rate constant. This stands in contrast to other weak binding mutants of Ras, where the overall second order rate constant for the association of nucleotides to Ras are remarkably similar even when The concentration independent k'' is neglected the overall anity is vastly dierent Rensland et al., 1995; Schmidt et al., 1996) . The 40-fold decreased association rate for both mGDP and mGppNHp to Ras Ins13 hints at a disordered nucleotide binding pocket of Ras Ins13, impeding rapid access as well as tight binding.
The other signi®cant dierence is the 48-fold lower binding anity for mGDP versus mGppNHp of the mutant, whereas wildtype protein shows a 15-fold higher binding anity for mGDP . This observation hints at a severe structural change of the aand b-phosphate binding site of the triple insertion mutant. High anity binding of GDP is mainly mediated, apart from the base binding region, by the backbone of the P-loop binding the b-phosphate (Saraste et al., 1990; Tong et al., 1989) whereas binding of GppNHp additionally involves the switch I and switch II regions (Milburn et al., 1990; Pai et al., 1989 Pai et al., , 1990 . The opposite nucleotide binding preference of the mutant protein suggests therefore a disordered P-loop and a rather undisturbed switch I and switch II region.
GTPase activity of Ras Ins10 and Ras Ins13
The intrinsic GTPase reaction of Ras Ins10 (not shown) and of Ras Ins13 are both dramatically reduced in comparison to the wildtype protein, as monitored by analytical HPLC (Figure 3 ). The protein is in principle active, as evidenced from the stimulation of the GTPase activity by either GAP-334, the catalytic domain of p120-GAP (Trahey et al., 1988; Gideon et al., 1992) or NF1-333, the catalytic domain of NF1 (WiesmuÈ ller and Wittinghofer, 1992) .
The interaction of Ras Ins10 and Ras Ins13 with NF1-333 was investigated in more detail. To quantify the activation of the GTPase by GAP, we used singleturnover kinetic measurements as described by Eccleston et al. (1993) and Ahmadian et al. (1997) . This method uses increasing amounts of GAP to measure the decrease in¯uorescence of mGTP due to mGTP hydrolysis (Neal et al., 1988 (Neal et al., , 1990 Rensland et al., 1991) . At all concentrations of GAP used, the transients obtained could be ®tted with a single exponential term. The intrinsic rate of mGTP hydrolysis (0 mM NF1-333) corresponds with the results of the HPLC analysis. Although such low GTPase reaction rates are dicult to measure we estimate the intrinsic GTPase to be 0.0003 min
71
, 10-fold lower than that of Ras G12V (data not shown).
The data shown in Figure 4 can be ®tted to yield k cat for the GAP-Ras interaction. Both mutant proteins show a dramatically reduced stimulation on the NF1-333-mediated GTPase reaction as compared to wildtype, the k cat being reduced 2800-fold for Ras Ins10 and 10 800-fold for Ras Ins13 ( Table 2 ). The GAPstimulated GTP-hydrolysis, measured under saturating conditions, is thus almost as low as the intrinsic GTPase of wildtype Ras.
The concentration dependence of the GAP-stimulated GTPase reaction of the triple insertion mutants indicated a reduced anity of NF1-333 towards the mutant Ras proteins. To characterize the binding of NF1-333 to Ras Ins10 and Ras Ins13, the rate constants of the association and of the dissociation Figure 3 The intrinsic and the stimulated GTPase activity of Ras Ins13. Forty mM GTP bound Ras Ins13 was incubated at 258C for 14 h (black circles). GTP and GDP content was determined by analytical HPLC as described in Materials and methods. To prove its activity 4 mM NF1-333 (black triangles) or GAP-334 (black rectangles) was added. For comparison, the intrinsic GTPase activity of wildtype Ras is shown (white circles)
were determined and used to calculate the dissociation constant K D . Association and dissociation of NF1-333 to and from Ras can be measured by¯uorescence spectroscopy in a stopped¯ow apparatus as described before . However, for the insertional mutants we had to use¯uorescence resonance energy transfer (FRET) from tryptophanes in NF1-333 onto the mant-nucleotide, since the excitation of the mant-¯uorescence led only to a small signal change upon GAP-binding (data not shown). The kinetic and equilibrium constants obtained from these experiments are shown in Table 2 . As expected for protein ± protein-interaction, the association rate constants are basically unchanged, whereas the increased dissociation rate constants are responsible for the reduced anity.
Binding of effectors
Since we wished to investigate the biological eect of the two mutants in vivo we decided to test its interaction with a Ras eector, the Ser/Thr-speci®c protein kinase c-Raf-1 (referred to as Raf) which is the ®rst member of the kinase cascade that leads to activation of ERK kinase (Moodie et al., 1993; van Aelst et al., 1993; Zhang et al., 1993; Warne et al., 1993; Koide et al., 1993; Vojtek et al., 1993) . We have shown before, that the Ras-binding domain (RBD) of Raf acts as a GDI on Ras-nucleotide complexes since it inhibits dissociation. This property can be used to measure quantitatively the dissociation constant for this interaction (Herrmann et al., 1995a,b) , as shown in Figure 5 . The dissociation constants are 38 nM and 28 nM for the interaction between RafRBD and mGppNHp-bound Ras Ins10 and Ras Ins13, respectively. The anities are similar to those for wildtype and oncogenic Ras (Table 3) , in agreement with the ®nding that both mutant proteins are biologically active and transform NIH3T3 cells (Higinbotham et al., 1994; Huang et al., 1995) .
Biological activity of the mutants
The pheochromocytoma cell line PC12 can be induced to dierentiate after microinjection of oncogenic Ras mutants (Bar-Sagi and Feramisco, 1985; Sassone-Corsi et al., 1989 The values for Ras wt, Ras G12V and Ras G12P were taken from Herrmann et al., 1995a In order to more quantitatively test the biological activity of the two insertional Ras mutants, we used a reporter gene assay in transiently transfected RK13 cells (Block et al., 1996) . In this assay, the Ras/Raf/ MEK/ERK signaling pathway activates Ets transcription factors to speci®cally mediate transcription of a luciferase reporter gene. The measured luciferase activity has been shown to correlate quantitatively with Ras/Raf interaction (Block et al., 1996) and with Raf kinase activation as determined by immunoprecipitation-kinase assays (Daub et al., 1998) . While cotransfection of Ras G12V increased the basal transactivation 8.5-fold, the insertional mutants Ras Ins10 and Ras Ins13 led to a strong 25 ± 28-fold increase in transactivation (Figure 7a ). To test whether this striking transactivation was speci®c to Raf kinase activation we included the Ras eector loop mutation E37G, which has been demonstrated to inhibit activation of Raf kinase by Ras (White et al., 1995 Joneson et al., 1996) . Transfection of the Ras G12V/E37G double mutant decreased transactivation to 4.5-fold as compared to the 8.5-fold activation upon transfection of Ras G12V (Figure 7b ). The inhibitory eect of the Ras eector loop mutation E37G was even more pronounced when combined with the insertional Ras mutants and decreased Ras Ins10/E37G and Ras Ins13/E37G induced transactivation to 3.1-and 3.5-fold, respectively.
To determine the increase in Raf activation directly, we co-transfected Ras G12V or insertional Ras mutants with FLAG-tagged versions of either wildtype Raf or Raf R89L. Ras G12V increased wildtype Raf activity 7.5-fold (Figure 8, lower panel) , measured by phosphorylation of recombinant, kinase dead MEK in an in vitro kinase assay (Figure 8, upper panel) while the Raf R89L mutant, which lacks Ras binding, was not activated. Also in the in vitro kinase assay, the additional Ras eector loop mutation E37G strongly inhibited Raf activation by Ras G12V. Ras Ins10 increased Raf activation to 18.8-fold while Ras Ins13 led to a 9.5-fold increase in Raf activation. The immunoblot demonstrates that this increase in Raf activity is not due to increased Raf expression or enhanced Raf immunoprecipitation (Figure 8 , middle panel). It appears that the amount of Ras Ins13 used in this experiment was even slightly lower than that of Ras G12V which might lead to an underestimation of the potency of the Ras Ins13 mutant. The Raf activation by insertional Ras mutants was completely inhibited by the additional Ras eector loop mutation E37G. These results demonstrate that the insertional Ras mutations strongly stimulate Ras-induced Raf kinase activity and subsequent Raf-dependent transactivation, even more potently than the widely investigated Ras G12V mutant, and that the Ras eector loop mutant E37G eciently blocks their ability to stimulate Raf activation.
Discussion
Single point mutations in the Ras gene are frequently found and the resulting eects in the Ras protein have been characterized in detail (Bos, 1989; Lowy and Willumsen, 1993) . Only few insertional mutations have been found which may partly be due to the screening techniques commonly employed, which very often use hybridization with selective oligonucleotide directed against commonly mutated Ras codons 12, 13 and 61 and are thus primed to identify single point mutations. Insertional mutations of the human ras genes (and other ras-like genes as well) may be thus more common. In addition to the reported tandem repeat of 3 ± 4 codons within exon 1 of the K-ras gene of rat (Higinbotham et al., 1994) , tandem repetition of 9 ± 10 consecutive codons within exon 2 of K-ras has been observed in lung and liver tumors in mice (Wiest et al., 1994) . Bollag et al., (1996) report the tandem repeat of a single amino acid in the K-ras gene of a human leukemia patient, that renders the Ras protein transforming.
It has been shown before that even very minor substitutions of the P-loop such as those involving glycine12 or 13, reduce the intrinsic and the GAPmediated GTP hydrolysis. In line with this we ®nd that the triple insertion mutants show the lowest intrinsic GTP hydrolysis rate than any other mutant previously analysed. The intrinsic GTPase of 0.0003 min 71 is tenfold lower than that of Ras G12V. Furthermore, these mutants are only very weakly stimulated by GAP. The 2800-fold (Ras Ins10) and 10 800-fold (Ras Ins13) decrease in NF1-333-stimulated GTP hydrolysis results in a rate constant that is, even under saturating GAP concentrations, only fourfold higher (Ras Ins10) or just similar (Ras Ins13) to the intrinsic rate of wildtype Ras. Combined with the 25-fold and 10-fold decreased anity of NF1-333 to Ras Ins10 and Ras Ins13, respectively, and the low concentration of GAP in the cell as compared to the conditions used here, the insertion mutations lead to a virtual insensitivity to GAP stimulation.
In the catalytic cycle of the Ras GTPase switch, activation of the protein can either be achieved by increasing the guanine nucleotide exchange reaction or decreasing the GTPase hydrolysis rate. Most of the oncogenic mutations found in human tumors are represented by the later type, but mutations created in vitro, such as D119N and F28L, aecting the binding of the guanine base are of the former type Reinstein et al. 1991) and are strongly transforming as well. By analysing the molecular defect responsible for the transforming activity of triple insertion mutations in the P-loop of Ras proteins, we ®nd that these show both a strong increase in GDP dissociation rate and a strong decrease in the intrinsic and the GAP stimulated GTPase reaction. The high intrinsic GDP dissociation rate enables the mutant proteins to be loaded with GTP even in the absence of guanine nucleotide exchange factors. This implies that the fraction of Ras in the GTP bound state should be very high, presumably higher than for the conventional Ras mutations, and is an obvious explanation for the transforming activity of these mutants.
All important regulative mechanisms for the nucleotide state of Ras Ins10 or Ras Ins13 are impaired by the insertion of three amino acids in the P-loop. However, the eector region does not seem to be grossly disturbed by these changes. The anity of Ras Ins13 and Ras Ins10 to RafRBD is similar to wildtype Ras. The mutants should thus be able to interact with eectors, as evidenced by their ability to transform (Higinbotham et al., 1994; Huang et al., 1995) , by the PC12 dierentiation assay, and by the very high luciferase activity in the reporter gene assay.
The structural change produced by the insertion of three extra amino acids into the P-loop is unknown, since we were not able to obtain any crystals suitable for X-ray structure analysis. Three options, not mutually exclusive, are imaginable: (1) the`looping out' of the additional amino acids, destroying the structure of the P-loop but leaving the remaining structure of the protein unchanged; (2) the formation of another helical twist in helix 1 following the P-loop and (3) keeping the structure of helix 1 and the P-loop intact but placing the extra residues into the eector loop. The exact nature of the structural change requires a detailed structural analysis. However, the fact that eector binding is not altered appreciably argues against placing the extra amino acids into the eector loop and also against a extra helical twist in helix1, since that would aect the succeeding eector loop. The`looping out' of the additional amino acids is supported by several lines of evidence: The drastically perturbed guanine nucleotide binding (including a decreased association rate) hints at structural changes in the nucleotide binding site and the preferred binding of GppNHp over GDP implies that structural changes are mainly restricted to the P-loop. The low anity towards the GAP (NF1-333) but not towards the eector (RafRBD) may be explained by the proximity of the P-loop of Ras to the catalytic ®nger loop of the GAP (Schezek et al., 1997) , whereas the P-loop is not involved in binding of RafRBD (Nassar et al., 1995) . Low nucleotide anity may also be due to a perturbation of the Mg 2+ binding site, as demonstrated by the mutants of serine17 such as Ras S17N and Ras S17A (Farnsworth and Feig, 1991; John et al., 1993) . However, these mutants have been reported to be dominant negative and to not activate their downstream eectors (Farnsworth and Feig, 1991) , in contrast to the highly active insertional mutants described here.
The biological activity of Ras Ins 10 and Ras Ins 13 microinjected into PC12 cells was slightly lower than that of the widely investigated oncogenic Ras G12V mutant. However, the biological response of the insertional mutants might be an underestimation due to their inherent lability compared to non-insertional Ras proteins. Additionally, recombinant Ras proteins puri®ed from E. coli lack to a dierent extent (20 ± 30% for Ras Ins10 and Ras Ins13) the seven C-terminal amino acids as veri®ed by mass spectrometry (data not shown). This prevents the C-terminal modi®cation of Ras and its subsequent localisation at the plasma membrane and disables Ras to recruit Raf to the plasma membrane. These diculties are obviated in the reporter gene assay where recombinant DNA is transferred instead of puri®ed protein and only one downstream cascade is monitored instead of a complex cellular response.
In the reporter gene assay and in the in vitro kinase assay the insertional mutants were not only strong activators of Raf/MEK/ERK signaling and of MEK phosphorylation by Raf kinase, respectively, but were even more potent than the Ras G12V mutant. Their high activity was attributed to their interaction with the Raf kinase by introduction of the Ras eector loop mutation E37G, identi®ed to inhibit the Rasinduced activation of Raf signaling. When tested in the presence of the additional E37G mutation, the insertional Ras mutants were indistinguishable from Ras G12V/E37G demonstrating that their increased potency for Raf activation requires the interaction of Raf with the Ras core eector region. The somewhat larger dierences between RasG12V and the insertional mutants in the reporter gene as compared to the kinase assay could be due to the ampli®cation of the signal along the Raf-MEK-ERK-TCF pathway or could be due to other signals feeding into TCF activation that are independent of Ras-Raf interaction.
Our biochemical data imply that the insertional Ras mutants may be entirely GTP-bound and that these proteins constitutively interact with the Raf kinase. However, since Ras G12V as such is already more than 60% in its activated GTP-bound form when expressed in mammalian cells (Gibbs et al., 1990) , the drastic Raf activation might not be solely explained by the constitutive GTP conformation of the insertional Ras mutants. It is tempting to speculate that the introduction of three amino acids positively aects additional steps in Raf activation by Ras. These interactions could involve domains other than the Ras-binding domain to facilitate the allosteric activation of the kinase activity (Campbell et al., 1998) .
Materials and methods
Cloning of ras ins10 and ras ins13
The initial cloning of the full length constructs was done in the expression vector ptac H-ras wt¯ (Tucker et al., 1986) by insertion of the nine additional base pairs into the singularly cut (NarI) wildtype sequence. This yielded only inverted insertions, where the nine basepairs were ligated in 3' ± 5' direction instead of 5' ± 3' direction. Site-directed mutagenesis using the method of Picard et al. (1994) gained the desired codons in the insertion. The correct sequence was veri®ed by DNA sequencing. The coding region was subcloned into the expression vectors pGEX2T (Pharmacia) and into pSVK3 (Pharmacia) for overexpression of GST-fusion protein in E. coli BL21(DE3) and transfection assays in RK13 cells, respectively. For crystallisation attempts the insertion sequence was cloned into ptac H-ras wt stop 172 and further subcloned into pGEX2T for expression of C-terminally truncated Ras Ins10 (1 ± 171) and Ras Ins13 (1 ± 171) GSTfusion protein.
Expression and purification of Ras Ins10 and Ras Ins13
Expression was induced with 0.1 mM IPTG for at least 8 h at 258C. Bacteria were harvested, resuspended in Buer A (50 mM Tris/HCl, pH 7.6, 5 mM EDTA, 5 mM DTE, 0.3 mM PMSF) and frozen at 7208C. Lysis of bacteria and genomic DNA was achieved by use of a Micro¯uidizer 1 (Micro¯uidics Corporation) at 600 p.s.i. and subsequent addition of DNasel (60 mg/ml) and MgCl 2 (6 mM), respectively. The supernatant was applied to a glutathione column (GSH Sepharose 4B, Pharmacia) and washed with buer C/2 (32 mM Tris/HCl, pH 7.6, 5 mM DTE, 5 mM MgCl 2 ). Ras Ins10/Ras Ins13 was cleaved from the bound GST moiety by Thrombin (0.5 column volumes of 10 U thrombin/mg fusion protein (estimated from SDS ± PAGE) in buer C/2 with 2 mM Ca 2+ , circulating overnight at 48C) and eluted with buer C/2. Gel®ltration of this fraction on a Sephadex 1 75 column using buer D (Buer C, 400 mM NaCl, 0.1 mM GDP) gained 495% pure protein as estimated from SDS ± PAGE. The identity of the puri®ed protein was proven by Western blot using Ras-speci®c antibody Y13-259 (Furth et al., 1982) and by ESI-MS (Finnigan LCQ). Determination of active protein concentration was done by combination of Bradford assay (Bradford, 1976) using Coomassie 1 Plus Protein Assay Reagent (Pierce) and quanti®cation of bound nucleotides by reversed phase HPLC analysis (Tucker et al., 1986) . Recombinant wildtype Ras, NF1-333, GAP-334 and RafRBD were prepared from E. coli as described earlier in Tucker et al. (1986) , Ahmadian et al. (1997) , Gideon et al. (1992) and Herrmann et al. (1995a) , respectively. RafRBD was kindly provided by C Herrmann.
Nucleotide exchange and nucleotide liberation
Exchange of the bound nucleotide with GTP, mGDP, or mGTP was done in the presence of EDTA (40 mM HEPES, pH 7.4, 5 mM DTE, 5 mM EDTA) and an 100-fold excess of the desired nucleotide for 3 h at 258C. Exchange for nonhydrolysable nucleotides was done in the presence of 2 U/mg alkaline phosphatase (50 mM Tris/HCl, pH 7.6, 200 mM (NH 4 ) 2 SO 4 , 5 mM DTE, 10 mM ZnCl 2 ) and a twofold excess of GppNHp or mGppNHp for 2 h at 258C. Nucleotide free protein was gained by only adding alkaline phosphatase, as a variation of a previously described method (John et al., 1990) since the o-rate of nucleotide is suciently high. In all preparations, excess nucleotide was separated from nucleotide-bound Ras by gel®ltration on prepacked NAP-5 columns (Pharmacia).
Biophysical characterization
Fluorescence monitored reactions with a duration greater than 1000 s were performed in a FluoroMax 1 or FluoroMax-2 1 (Instruments S.A., Jobin Yvon/Spex Div.) using 366 nm as excitation wavelength and 434 nm as emission wavelength. Faster reactions were carried out in a SX16MV stopped¯ow apparatus (Applied Photophysics) using 290 nm or 366 nm as excitation wavelength and detecting through a ®lter with a cut-o at 408 nm. The experiments were done in 40 mM HEPES, pH 7.4, 5 mM MgCl 2 , and 5 mM DTE at 258C, unless otherwise indicated. For ®tting the obtained data, the software supplied with the stopped¯ow (Applied Photophysics-SpectraKinetic Workstation TM 1990 TM , 1992 .099) and Gra®t 3.01 (Erithacus Software) was used.
Analytical separation of nucleotides was done by reversed phase HPLC as described previously (Tucker et al., 1986) using a UV absorption detector at 252 nm.
Nucleotide anity To quantify the rate constant of nucleotide association (k on ) onto Ras Ins13, 0.5 mM nucleotide free Ras Ins13 was mixed with increasing amounts of mant-nucleotide (1 ± 10 mM). The rate constant of the observed¯uorescence increase (excitation wavelength 366 nm for mant-¯uorescence) was determined by ®tting to double exponentials. For calculation of k on only the ®rst signal (k 1 ) was used. The rate constant of nucleotide dissociation (k o ) was quanti®ed by mixing 0.5 mM mantnucleotide bound Ras Ins13 with 50 mM non-labeled nucleotide and ®tting the observed¯uorescence decrease to a single exponential. The dissociation constant K D was calculated from K D =k o /k on .
Interaction between Ras Ins10/Ras Ins13 and NF1-333 For measurement of NF1-333 association (k on ) 1.0 mM mGppNHp-bound Ras Ins10 or Ras Ins13 was mixed with increasing amounts of NF1-333 (0.5 ± 8 mM) and the¯uores-cence increase (excitation wavelength 290 nm for tryptophane excitation and subsequent¯uorescence energy transfer to the mant-nucleotide) was ®tted to single exponentials. These were used for k on calculation. The dissociation rate constant (k o ) was determined by mixing 1.0 mM mGppNHp-bound Ras Ins10 or Ras Ins13 complexed with NF1-333 and 50 mM GppNHp-bound Ras wildtype. Fitting the observed¯uores-cence decrease to a single exponential yielded k o . The dissociation constant K D for Ras×GppNHp binding to NF1-333 was calculated from K D =k o /k on .
The rate constant of the NF1-333 stimulated GTPase activity (k cat ) of Ras Ins10 and Ras Ins13 was determined by adding increasing amounts of NF1-333 (1 ± 60 mM) to 1 mM mGTP-bound Ras Ins10 or Ras Ins13. The observed uorescence decrease upon mGTP hydrolysis could be ®tted to a single exponential, the resulting rate constants were used to calculate k cat using Michaelis-Menten-kinetics (with GAP as the substrate for Ras).
Interaction between Ras Ins10/Ras Ins13 and RafRBD To quantify the anity of Ras Ins10 and Ras Ins13 to RafRBD the GDI-eect of RafRBD was utilized, as described for wildtype Ras (Herrmann et al., 1995a,b) . Brie¯y, 30 nM mGppNHp-bound Ras Ins10 or Ras Ins13 was incubated with dierent concentrations of RafRBD and subsequently with a 500-fold excess of non-¯uorescent nucleotide. The rate constants of mGppNHp dissociation (k obs ) were obtained by ®tting the observed¯uorescence decrease to single exponentials. For K D calculation, the k obs were ®tted to the equation according to Herrmann et al. (1995b) : 
Microinjection assay
PC12 cells were grown in Falcon tissue culture¯asks in Dulbecco's Modi®ed Eagles Medium (DMEM) with 1000 mg/l glucose supplemented with 10% horse serum (Gibco) and 5% fetal bovine serum (Gibco) at 378C in 10% CO 2 . For microinjection cells were transferred to Corning polystyrene tissue culture dishes. To obtain more reproducible results they were sensitized by the method of Schmidt (1996) .
Microinjection experiments were performed in culture medium buered with 20 mM HEPES; pH 7.4. For injections the Zeiss Microinjection Workstation (AIS) and thin borosilicate glass capillaries with ®lament (Hilgenberg) with a diameter of the tip 50.5 mm were used. For each experiment about 100 ± 200 cells within a marked region were injected. PC12 cell dierentiation was determined by scoring neurite outgrowth 20 h after injection of the protein, measured as the length of the neurites as compared to cell body diameter and the number of injected cells possessing neurites. Cells with neurites larger than ®ve times the diameter of the cell body were scored positive.
Reporter gene assay
Rabbit kidney epithelial-like RK13 cells were grown to 25% con¯uency on 6 cm dishes and then transfected with a total of 10 mg DNA by the calcium phosphate coprecipitation method. 2 mg of reporter construct (E74 3 -tk80-luc), 0.5 mg of a b-galactosidase expression vector (pEQ176), 1.5 mg of ERK-1 expression vector, 1.5 mg of an Ets protein expression vector (pSG-ER81), 1.5 mg pcDNA3-Raf and 80 ng of pSVK3 expression plasmid alone or expression plasmid containing a respective Ras construct were used for transfection. Thirty-six hours after transfection, cells were harvested, lysed, and luciferase and b-galactosidase activities were determined as described (Block et al., 1996) . Relative luciferase activity was obtained by normalizing luminescence to b-galactosidase activity.
Raf kinase assay RK13 cells were grown to 25% con¯uency on 10-cmdiameter dishes and then transfected with a total of 20 mg of DNA by the calcium phosphate coprecipitation method. 10 mg of empty pcDNA3 vector or pcDNA3 containing Raf wt or Raf R89L was used together with either 10 ng of pcDNA3-Ras G12V or -Ras Ins10 or -Ras Ins13 as indicated. At 36 h after transfection, cells were harvested, lysed in Nonidet P-40 (NP-40) lysis buer (25 mM Tris-HCL, pH 8,0, 150 mM NaCl, 10 mM Na-pyrophosphate, 25 mM Na-glycerophosphate, 2 mM EGTA, 2 mM EDTA, 10% glycerol, 0.5% NP40) and the lysate was cleared by centrifugation at 12 000 g for 30 min. For immunoprecipitation 15 mg of anti-FLAG antibody (Sigma) was preabsorbed on protein G agarose beads (Roche), and mixed with the lysate for 2 h. Raf kinase assays were performed as previously described using recombinant kinase dead MEK as a substrate (Daub et al., 1998) . Proteins were separated on an SDS ± PAGE gel and blotted on nitrocellulose. MEK phosphorylation was visualized by autoradiography and analysed with a Phosphoimager (Fuji). After exposure, membranes were probed with a monoclonal anti-Raf-1 antibody (Transduction laboratories) and developed using the Western breeze chemiluminescence kit (Novex).
